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ABSTRACT. We investigate the large deviations principle from the McKean—Vlasov
limit for a collection of jump processes obeying a two—level hierarchy interaction. A
large deviation upper bound is derived and it is shown that the associated rate func-
tion admits a Lagrangian representation as well as a non-variational one. Moreover,
it is proved that the admissible paths for the weak solution of the McKean—Vlasov
equation enjoy certain strong differentiability properties.

0. Introduction.

In this paper, we are interested in a class of large scale interacting systems which
are organized into a multilevel hierarchy. Each level of this hierarchy consists of
a number of interacting subsystems, at a lower level. This type of interactions
arise in many fields such as statistical physics (Dyson’s hierarchical model, the
two-level Desai—Zwansig model of ferromagnetism), chemical kinetics (multilevel
Schlogl model) and epidemiology (SIR-epidemic models with geographic structure)
—to mention only few.

Generally, real large scale hierarchical systems consist of a finite number of indi-
vidual subsystems at each level of the hierarchy. Among other factors, this structure
make them exhibit highly complex behaviour and therefore are difficult to study.
Nevertheless, as suggested by Dawson (see [D1], [D2] and the references therein),
insight into their qualitative behaviour can be obtained by studying the idealized
limit as the number of subsystems per level gets large. The approach to this pro-
gram is to formulate the relevant stochastic models in the context of measure—valued
Markov processes. Then, the finite population effect is catched by the study of ran-
dom perturbations, fluctuations and large deviations about the infinite limit. In
this context, Dawson and Gértner [DG1] established a general multilevel large de-
viations principle for the empirical measure associated with M independent copies
of a sequence (¢VV) of random variables with values in a topological space.

In this paper, we consider the behaviour of some Markovian systems of jump
processes obeying a two—level hierarchy interaction, which in the limit, as the num-
ber of subsystems grows to infinity, satisfy a McKean—Vlasov type equation. This
means that the sequence of two-level empirical measures which represent the states
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of the finite systems, have a deterministic limit of a specified form which in a
sense represents the law of a typical trajectory in the underlying collection of jump
processes that are subject to the hierarchy interaction.

In this study, we derive a large deviation upper bound in the McKean—Vlasov
limit and obtain two representations of the associated rate function: A non-variational
(integral) representaion and a Lagrangian one. The methods of the proof we adopt
here are based on the Hamiltonian approach to large deviations, which is natural in
the context of sample path LDP’s, and are rather different from the ones in Dawson
and Gértner [DG1].

In Section 1, we present the model. The main results are stated in Section 2.
The proof of the representation theorems of the rate function is given in Section 3,
and the large deviation upper bound result on the canonical path space is derived
in section 4.

1. The jump process.

1.1 Model. Let E denote a Polish space with Borel o-field ‘BE. We consider a
system of M colonies each consisting of NV individuals. Let Xtij denote the state of
the jth individual in the ith colony at time t € I := [0,7T], for some fixed T" > 0.
Assume that, for each (i,5), (X}?, t € I) is an E-valued jump process with jump
rate v () and jump kernel 7. The jump intensity measure v%(x)dt gives the
jump rate of the jth individual in the ith colony when the system is in the state
x € ENM_ The jump size distribution 7% (x,dy), x € E, is such that if a jump of
the jth individual in the ith colony at site x € E occurs, then it is of the form
xr — dy C E with probability 7 (x,dy). We are going to assume throughout that
7 (z,dy) = 7(x,dy), for a fixed given probability transition kernel 7 on E x Bg.
Consequently, all interaction is guided into the system through the jump rates
~%, what means that we are dealing with a jump process analogue of a system of
interacting diffusions.

For each colony ¢, we can construct the corresponding flow of empirical distri-
butions

N
.1
pt = N;5Xij (tel) (1.1)

as stochastic process taking values in the space M = M(E) of Borel probability
measures on E. The two-level empirical process then is given by

M
1
MN 17 Y 6 (tel). (1.2)
1=1

It takes values in the space M!! = M(M) of probability measures on M. Both
M and M!! will be endowed with the corresponding weak topologies and Borel o-
fields. Of course, as long as the number M of colonies is fixed, & could be obtained
from a standard empirical distribution on the enlarged state space {1,..., M} x E.
However, the two-level model allows the number of colonies to grow simultaneously
with the total number of particles, which seems to be natural for many models.
See e.g. our example of an SIR epidemic model in Section 2.3. For this reason,
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we are interested in an interaction that is guided into the system through the two-
level empirical distribution ¢ of the state x = (%) € ENM of the system, and the
empirical distribution u* of the corresponding colony. This means that the jump
intensities (7% (x)) have to be of the form

1) =@ w8 (I<i<M, 1<j<N), (1.3)

where v is a fixed function on E x M x M. For simplicity, we will make the
following assumptions on the jump characteristics © and ~:

Assumption I. The kernel m possesses the Feller property.
Assumption II. v is a bounded positive and continuous function on Ex M x ML,

In the sequel we will be interested in the asymptotics of the two-level empirical
process & = £tN’M as N, M — oo. Due to (1.3), £ZV’M is a measure-valued Markov
process. It has an infinitesimal generator AN-M acting on bounded measurable
functions F' on M!! as follows:

AMNE(E) = MN / m(&, dp, dz, dy)

1
(64 37 00s g 5,-000 = 0u}) = F ()], (1.4)
where we have used the abbreviations

m(&, du, dv, dy) = §(dp) p(de) m(z, g, €, dy) (1.5)

and
m(x, i, &, dy) = (&, 1, z) (z, dy). (1.6)

Theorems 4.7.3 and 4.4.2 in Ethier and Kurtz [EK] and Assumption II show that
the martingale problem associated with AYN-M is well-posed and that its unique
solution is a strong Markov process.

As usual, we will frequently denote the integration of a bounded and measurable
function f on E against a measure p € M by (u, f). To distinguish it from an
integral of a function F on M!! with respect to some & € M!! we will write
< &, F > in the latter case.

Now choose a totally bounded metric d generating the topology of E. See Partha-
sarathy [Pal, p. 43, for existence. We define a space Fy of finitely based functions
on M as the set of all functions f that are of the form

) =o(( 1), vr)  (we M), (1.7)

for some k € N, p € C! (Rk), the space of continuously differentiable functions
having compact support in R¥, and 11, ..., € C,, (E), the space of bounded and
uniformly continuous functions on the metric space (I, d). For the ease of notation
we will adopt the convention of rewriting (1.7) by

-,

f)=e((p))  (neM).
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We will also need a space F of time dependent test functions on I x M being of
the form

filw) = f(tm) = o(t (n,d(1) (el peM)
with ¢ € C}(I x R¥) and a vector ¥ = (11, . ..,1) such that each component is a

function from I to Cy,(E), differentiable with respect to the sup-norm |- || on C,(E).
Clearly, functions f € F are differentiable with respect to time with derivative

B f(t, 1) = (Defr) (1) = (Dep) (. (1, (1)) + (Vi) (L, (e, V(1)) - {1, Db (1))

Here V denotes the usual Euclidean gradient and “-” the Euclidean scalar product.
In “space direction” we define difference operators D on Fy by

DN () = N (F(n+ (8, = 8)) = F(1). (L8)
Then, as N — oo,

DN f(p,z,y) — Df (.2, y) = (Vo) ({1, 0(1))) - (Y(y) — ¥()). (1.9)

To any kernel k(z, p, &, dy) on E x M x M x Bg and & € M there correspond
linear operators G (¢) (N € N) and G (&) on Fy given by

G () () = / / DN f(u, 2, y) k(z, i1, €, dy) u(dz)

and

Gu(€) () = / / Df (s, y) k(s s €, dy) ju(de)

With the above notations, for every f € F,
AVM > = < GN () f >, (1.10)

where m is the kernel defined in (1.6).
2. Main Results.

2.1 A large deviation upper bound. Suppose that, for all N and M, we are
given some deterministic v™V™ € MI!! having the form of a two-level empirical
distribution as in (1.2). With PN¥™ we then denote the law of the solution of the
martingale problem associated with the generator A™MM of (1.4) and starting point
vN-M_ Then PN-M is Borel probability measure on the space D(I, M) of all cadlag
functions endowed with the Skorohod topology. This topology is independent of an
a priori choice of metric on M see Jakubowski [Ja].

The law of large numbers of the system as N, M — oo has been studied by
Dawson [D1]. There the following result has been stated.
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Proposition 1.1. Suppose vM:N converges weakly to some v € M. Then PM:N

converges weakly on D(I, M!T) to 0y, where 1 is the unique deterministic path in
C(I, M) satisfying no = v and solving the weak McKean-Viasov equation

t
s i > =< 0y fo > +/ <o dufs > ds
0

t
+/ L Ns, Gm(Ms) fs > ds (fe F,0<t<T).
0

Let HMN be the Hamiltonian associated to the generator AMY defined, for
¢ € M and test functions f € F, as

= MN/m(C,du,dm,dy){eXp [ﬁDNf(,u,m,y)} - 1}.

Define the scaled Hamiltonian H by

G = | lim WY (G M)

_ / (¢, dp, dar, dy){ explDSf (1, 2,)] = 1}.

We introduce, for 0 < t < T, the functionals .J; acting on f € F and n € D(I, MI1):

t
Je, f) =< e, fr > — < o, fo > —/ ( L Ny O frr > —H(m,fr)) dr. (2.2)
0
Then, for any v € M1 and n € D(I, M), let

00 otherwise.

The functional S, is in fact the rate function governing the large deviation upper
bound of our particle system:

Theorem I. Suppose that Assumptions I and II are satisfied and that the starting
points vMN converge weakly to some v € M as N, M — oo.
Then

1
lim su log PMN(F) < — inf S, (n),
M,NJQMN g (F) < Jnf. (n)

for each closed subset F of D(I, M),

Using a suitable change of measure it is possible to get a partial large deviation
lower bound with the same rate function, but restricted to very regular admissible
paths. To extend the lower bound to general admissible paths is also possible but
requires another type of techniques like variational convergence. This topic is not
included in this paper and will appear elsewhere.

Our next goal is to derive additional representation formulae for the rate function
Sy.



2.2 Representations of the rate function and regularity of paths. We will
now define a subset H, of admissible paths in the space C(I, M!!) of continuous
M _valued mappings.

Definition 1. Fiz v € M. Let H, denote the set of all paths n € C(I, M)
such that ng = v and which satisfy a weak McKean-Viasov equation

t
L My fr > =< o, fo > +/ L M5, Os fs > ds (2.3)
0

t
+/ <G () s> ds  (fEF0<t<T),
0

for kernels kq(z, u,m,dy) (s € I) which are absolutely continuous with respect to
m(x, p,n,dy) and who possess a Radon-Nikodym derivative

_ Fs(&pw,dy)
gs(é."u’x“y) T m(gnuuw7dy)

which satisfies

/OT dt/dm(nt) (gt log g; — g¢ + 1) < 00. (2.4)

The next result gives a non-variational representation formula for S,. It relies
essentially on work by Léonard [L1].

Theorem II. Fiz v e M and n € DI, M!). Then
Su(n) < oo if and only if n € H,.

And in the latter case the following representation holds
T
S = [ de [ dmn) (grtoggr — g+ 1). (25)
0

Remark. The fact that S, is concentrated on continuous paths implies that the
large deviation upper bound of Theorem I extends even to subsets F' that are closed
with respect to the stronger uniform topology on D(I, M!!) — provided that F is
measurable with respect to all P, The argument is the same as in Section 18
in Bilingsley [Bi].

It turns out that paths n € H, enjoy certain differentiability properties. To this
end, endow the space Fy with the norm

1fll7 = S%p|f(u)| +§1£|Df(/~b,x,y)| (f € Fo)-
The set of all finite signed measures on M then can be regarded as a subspace of
the topological dual F{ of Fy by taking the integral of a function in Fy against a
measure on M. We extend the notation < 9, f > to denote the duality relation
between ¥ € F) and f € Fy. For ¥ € F} and ¢ € M!! we denote with L£(¥,() the
Legendre transform of H((, -):

L(9,¢) = Sup (<9, f> -H(, 1))



Theorem II1. Ifn € H, then the mapping t — n, € F| is strongly differentiable
Lebesgue-almost everywhere with derivative 1. Moreover, n can be represented as

¢
nt:u—i—/mds (0<t<T),
0

where the integral is to be taken in the sense of Bochner. Moreover, the following
Lagrangian representation of the rate function holds

Sy(n) = /0 L1, me) dt. (2.6)

Remark. The same method we use here to prove Theorem III can be applied
to the weak McKean-Vlasov equations relating to the one-level large deviations as
considered in Léonard [L2] or Djehiche and Kaj [DK]. There, the operators corre-
sponding to Gy are bounded linear operators on the space Cp(IE). This guarantees
that the derivatives of the one-level paths exist even as finite signed measures and
with respect to the total variation norm. Let us briefly give an example for this
loss of regularity in the two-level case. If we assume that there is no interaction
between the colonies, i.e. vy does not depend on &, Theorem 2.2 of Dawson and
Gértner [DG1] together with the main result in Djehiche and Kaj [DK] yield a
large deviation principle with rate function

Sy (n) = inf { /RdQ ‘ Qe M(D(I,/\/l)) with marginal flow (nt)}.

Here R denotes the one-level rate function of Djehiche and Kaj [DK]. Consequently,
if u(-) € D(I, M) is such that R(u) < oo, the two-level path given by n(t) =
8,1, (t € I)satisfies Sy 0y(17) < Sy0)(n) < oo. This simple example shows that one
cannot expect much further regularity of the paths in H, than stated in Theorem
II.

2.3. Example: Epidemic SIR—model. A typical situation where two-level
hierarchy systems are relevant is when modeling the spread of a disease, taking into
account the geographic structure of the population. Consider a closed population
of M N individuals organized into M houses, villages or colonies each containing N
individuals. Let the state space E of individuals at lower level, informally described
as E = [susc, inf, rem] x position, consist of pointers to one of three possible types,
S=susceptible, T=1infective and R=removed, and in addition of a position variable
ri; € R if individual j of the ith colony is of type S or Z and a cemetery position
if of type R. Then, the total number of individuals in the ith group can be divided
into subgroups according to their type, and represented by means of the associated
two-level empirical measure:

M
CMJV _ iz(g .
= i

i=1

where
|S: | | Z; | IR |

N
TR DITES O BLHED DLHED SLH)
j=1 j=1 j=1 j=1
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Here, |S;| denotes the number of susceptible individuals in the ith colony etc.. Since
the population is closed, the epidemic process can be determined by the respective
processes associated to the susceptible and infective populations. This is denoted
by ¢M:N = (SMN TM:NY) and regarded as an element of D(I, M!T x MIT).

Suppose A(r,r’) is a nonnegative smooth function on R? and define jump rates
by

M |Z1|
. 1
7% (susc, inf; 1) = 4" (susc ; r) Z N Z (Tijs Thi)-

for a jump & — 7 of particle j of colony ¢ at r;; and
7% (inf, rem ; ) = 4" (inf ;) = p

for a jump Z — R. Then the infinitesimal generator of the epidemic process &M

reads

AMVE(E) = MN [ () Tdpz) [ (@) M.
[F(S + %{6@1—%%) B 5#1}’I+ %{6(,“24-%574) o 6N2}) o F(S7I)}
+ pMN/ I(duz)/ pa(dy) [F(S, T + %{%2_%%) —0u}) — F(S,T)],
and, with

<<777f>>:<<57f1>>+<<1f2>>

for f = (f1, f2) € F x F, the corresponding scaled Hamiltonian is,

H(E ) = [ Stdn)Zldna) [ pa(de)naldp)a,y)
[exp (Vepa(p2) - ha(y) — Veor (1) - 1 (2)) — 1]
+,0/I(dﬂ2)/ﬂ2(dy)[eXP(_VSOQ(NQ)'QEQ(ZU)) —1].

Along the extremals of the corresponding variational problem for the Lagragian
L, there are functions ¢! and ¢? such that the corresponding rate function can be
written as

T
z/ /Sr(dm)fr(duz)«m@uz,A(gi log gy —gr+1) )40 (p2, (97 10ggf—gf+1)>) dr,
0
which agrees with (2.5).

3. Proof of Theorems II and III.



3.1 Proof of Theorem II. Consider the pair of Young functions

T*(S):{ (s+1)log(s+1)—s ifs>—1,

(t)=e' —t—1, _
~+00 otherwise,

which are dual to each other. If A is a finite positive measure on some (locally)
compact space S, we define for any measurable function h on S its Luxemburg

norm by
||h|]9—1nf{a>0 ‘ / ’h‘ dA < 1}

where 6 equals 7 or 7*. Correspondingly we obtain two Orlicz spaces (L7, || - ||-)
and (LT* -+ ), which are Banach spaces in topological duality; see e.g. Rao and
Ren [RR]. Let C denote a linear subspace of Cy(S), and define the convex functional

I(f) = / f(f)dA  (feo).

If £ is an element of the algebraic dual C# of C such that T*(¢) := supcc [£(f) —
I'(f)] < oo, then there is some function K € L7 such that

z(f):/deA VfeC  and r*(z):/T*(K)dA. (3.1)

In particular K > —1 A-a.e. on S. This has been proved in Sections 5, 6 and 7
of Léonard [L1]. See in particular the proof of Theorem 7.1 of [L1]. There (3.1)
has been stated in the case where the measure A has a certain form and where
S =1[0,T] x (R")? x ((R*)*\{(0,0)}). However, inspecting the proof one finds that
actually only the facts that S is a locally compact metric space and that A is a
positive finite measure enter the proof.

To apply the result (3.1) in our situation, suppose first that E is compact, and
fix a path 7 such that S, (n) < co. Then define the compact metrizable space S :=
I x M x E?, the linear space C := {g € C(S) | g(t, p,z,y) = Df(t, p, z,y) for some
f € F}, and the positive finite measure A(dt,du,dx,dy) = dtm(ne, du,dz, dy).
Since

H(o, f) = 1o, G (1) fs > + / dm(n,) (D), (3.2)

we have that
Jo(n, f) = U / ds [ dmin,) r(Df.) = 1)~ (DY),

with £(f) denoting the linear functional

T
U(f) ==<nr, fr > — <no, fo > —/ L N5, Osfs + Gm(ns) fs > ds.  (3.3)
0

Since .
i =7
o ) =

f
D7)

o [ famto (7o)

<S,(n)+1< o0,
9




we have z(f) = 0 whenever Df = 0 and hence ¢ only depends on D, i.e. z(f) =
¢(Df), for some linear functional ¢ on C. With the above notation, S, (n) = I'*(¢).
Hence (3.1) gives us

S,,(n):/r*(K)dA and Z(f):/pf-KdA Vf e F,

for some function K € L™ . Hence with g := K 4+ 1 > 0 we get the representation
(2.5) and n € H,, where (2.3) follows from (3.3).

If E is not compact, let E denote its completion with respect to the metric d
chosen in Section 1. Then E is compact and C,(E) is isomorphic to C(E). Thus
every f € Fy can be regarded as a function on M(E), and M is naturally embedded

into M(E). Define S = I x i\/l(E) « E” and A as above. Then we get a function g
defined on the bigger space .5, but A only charges the set S =1 x M x E2, i.e. we
can set g = 0 on S\, and conclude as above.

Now suppose on the other hand that n € H,. Then, since 7 solves the weak
McKean-Vlasov equation with kernel dk; = g5 dm, we conclude with Young’s in-
equality that

T
Jr(n, f) = / € 10y, (105)fs — G (1) f > — / (D f.) dm(n,) ds
T
= /0 /(gs —1)Dfs —7(Dfs) dm(ns) ds
< /0 s / dm(n.) 7 (ge — 1),

which is finite by assumption. Therefore S, (1) < oo and Theorem II is proved. O

Proof of Theorem III. First we will prove the differentiability assertion. Using
the elementary inequality

ab < e” +blogh—b (a,b>0)
we find that, for every f € Fy and n € H,,

t
| <<y [ > — <, [ > S/ dr/dﬂ(nr>lDfr~gr| (3.4)

t
<(t=s)lhll -7+ [ ar [ dmin) (g ogg, - 0r).

where ||7|| denotes the sup-norm of the function . Taking the supremum over all
f € Fo with || f]|# <1 we get that, for almost every t € I,

imsup 4 (e = )| < Il [ dmin)(grlog g — ) < .
0

h—0

Thus %(th —n¢) is weakly compact in F) by the Alaoglu-Bourbaki theorem, for
each t outside a Lebesgue null set Ng.
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Now we prove that, for almost every ¢ € I, this net can have at most one
accumulation point. Indeed, for each f € Fy, there exists a Lebesgue null set
N(f) C I such that t —< n, f > is differentiable outside N(f). If we already
knew that there exists a countable dense set D C Fy, then the limit of %(nﬂ_h — M)
(h — 0) would be uniquely determined for every ¢ outside No UJ;cp N(f).

To prove separability of Fo, let F), denote a countable dense set of C}(R¥) with
respect to the norm ||| +|| Vel (¢ € CL(R*), k =1,2,...), and choose G C C,(E)
denoting a countable dense set with respect to the sup-norm. Such a set G exists
by Lemma I1.6.3 of Parthasarathy [Pa]. Then the set D of functions f of the form
(1.7) with ¢ € Fy, ¥1,...,¢%, € G and k € N is dense in Fy.

The above arguments imply that ¢ — n, € F{) is almost everywhere weakly
differentiable with weak derivative n, (t € I). Moreover, (3.4) shows that ¢ —
ne € F| is weakly absolutely continuous and of strong bounded variation. Thus we
infer from Theorem 3.8.6 in Hille and Phillips [HP] that 7 is the indefinite Bochner
integral of 7:

t
nt:noJr/ﬁsds (tel).
0

Corollary 2 of Theorem 3.8.5 in [HP] now states that 7 is even strongly differentiable.
Now let us turn to the proof of the Lagrangian representation formula of .S,. It
is based on the following integration by parts formula: For each ¢t > 0 and f € F,

t t
< fi> — < 10y fo >>=/ < o> ds+/ <o dfs> ds. (3.5)
0 0

This formula can be proved as Lemma 4.3 of [DG2], using the fact that ¢ — n, € F|
is of strong bounded variation. Now, it follows from the definition of £ and Eq.
(3.5) that, for any f € F,

T T
/ Ly (7, me) dt > / ( < Mty fr > —H(ne, ft)) dt = Jr(n, f).
0 0
Hence,

T
/ Loli,m) dt > Su(n).
0

Next, it follows from Eq. (3.2) and the weak McKean—Vlasov equation that, for
f € Fo and almost all ¢ € I,

i > =M £) = [(g = )Df ~ (D) dmln,)
< [ (o0~ 1y dmm),
where we again used Young’s inequality. Hence, by (2.5),

T
/ Li(ne,ne) dt < S, (n),
0

which finishes the proof of Theorem III. [J
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4. A Large Deviation Upper Bound.

4.1. An exponential martingale. Forn € D(I, M) and f € F, let JM:N(n, f)
denote the following functional

t
Jt]w’N(nvf) =< T]tvft>>_<< 7707f0>>_/ <<nsaasfs>> ds (41)
0

1
MN J,

In view of Egs. (1.8), (1.9) and (2.2), it is easily checked that, for each f € F and
tel,

t
HMN (ng, MN f,) ds.

sup (TN, f) = T, f)| — 0 (M, N — o0). (4.2)

neD(I,MIT)

;From now on let us denote the coordinate process on D(I, M!T) with (& ):>o.

Lemma 4.2. For each f € F, the process
2N = exp{MN N (E )Y, tel,

is a (PMN | Fy)— martingale.

Proof. Let g denote the function M N f for a given f € F. Then the process
t
M, = e<E6:9e> / eSEe 9> MN (e g ) ds (tel)
0

is a martingale by definition of H™"V and by the boundedness of g. Integration by
parts now yields

t
dz"™ = exp [_ < 0,90 > _/ < &5, 0595 > +HMN(E, g5) ds| dM,.
0

Therefore ZM:N:f is a local martingale. But, again by boundedness, Z-™f is even
a true martingale. [

4.2. Exponential tightness.
The purpose of this section is to prove the exponential tightness property. It is
stated in the following

Proposition 4.4. For every L > 0, there exists a compact set Ki, of D(I, M)
such that

lim sup logPMN[¢ ¢ K] < —L. (4.3)

M,N—o0 MN
To prove the proposition, we will apply Theorem A in the Appendix with
F={<-f> | feF}

Clearly, F is additive, separates points, and is contained in Cy(MI). The first
condition of Theorem A will be shown in Section 4.2.2 and the second one will be
proved in Section 4.2.1 below.
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4.2.1. Exponential Tightness of < £(-), f >.

We will show that, for a fixed f € Fy, the distributions of the process < £(-), f >
under PM:N M N € N are exponentially tight in D(I ,R). To this end, we will
apply the following exponential version of Aldous’ criterion given in Theorem B of
Pukhalskii [Pu]:

Theorem (Pukhalskii). Let (X™),cn denote a sequence of stochastic processes
with sample paths in D(I,R), and suppose that
1
(i)  lim limsup — logP[sup | X[ > L} = —00
el

L—oo nooo N t

1

(i)  lim lim sup sup — logP[ sup | X[\, — X7 >€| =—00 Ve>0,
=0 nooo 1 M t<§, t+rel

where the supremum in (ii) is taken over all stoping times T < T. Then the sequence

(X™) is exponentially tight in D(I,R).

Its condition (i) follows from the fact that 0 < <&, f> <||f||, where ||g|| denotes
the sup-norm of a function g, regardless of the space on which g is defined.
Now let us prove condition (ii). To this end, let Péw "N denote the solution of

the martingale problem associated with (1.4), where the process £ starts from some
¢ € M that has the form (1.2). Then, by Assumption II,

HMN (€, MNBS) < |7|MN exp (Df]5),

for all 8 > 0. Choosing 8 = —logd/||Df]|| and applying Doob’s inequality, we get,
with ZtM . denoting the martingale of Lemma 4.2, that

Péw’N[sup(<<£t,f>>—<<£o,f>>)26} <
<6

é
SPéW’N[sup ZtM’N’ﬁf > exp (GMNB—/ HM’N(GS,MNBf)dsﬂ
<5 0

€
IDfIl

Let us for the moment denote by M{VI[ n the set of all two-level empirical measures
of the form (1.2), for given M and N. Then, if 7 < T is a fixed stopping time, the
strong Markov property yields that

< exp <MN(||7|| + log 5))

logPM’N[ sup (<< it > <& f >>) > 6] <

MN t<8,t4+rel
< —log sup PN [sup (<& f > - <o, f > big) 2 ¢
MN CGMM,N tS(S
€
< vl + log 0,
Dl

which tends to —oo as § — 0. Condition (ii) of the above Theorem now follows by
applying

PMNT qup V] > e] < PM’N[ sup Y/ > 6] +77M’N[ sup Y, > e
t<ot+rel t<ét+rel t<ét+rel

with Y/ =< &, > — < &[> (feFp). O

13



4.2.2. The compact containment condition.

We have to prove that, for every L > 0, there exists a compact set Ay, € M!!
such that

1
lim sup logPMN([3t<T; & ¢ AL] < —L. (4.4)
M,N—oo M N

Observe first that a set A C M!! is compact if and only if the set

C:z{/m(du)\ceA}

is compact in M. Indeed, if C' is compact, Prohorov’s theorem implies the existence
of compact sets Kj C E such that

sup,u(Kk)<62 F Ik (k=1,2,...),

nec
whenever € > 0 is given. Define F, = (), {u e M ‘ p(Ky) < 1/k} Then F, is
compact, again by Prohorov’s theorem, and

C(F) <ZC<{M|M Ky) >1/k}) Zk‘/ ¢(dp),

which is less than €, for each ( € A. Thus A is tight and hence compact. The
converse statement follows from the continuity of the map ¢ — [u((dp) (¢ €
MI 1 )

Therefore to prove (4.4) it suffices for us to show that, for every L > 0, there
exists a compact CL C M such that

lim sup

MN[34 < -1 |
e MN log P Jt < T with /u{t(du) ¢ CL} <L (4.5)

To this end, fix M and N and define, for x = (%) € EM¥ | the functions % (x)

(t=1,...,M, j=1,...,N) by (1.3). Consider the generator A" defined for
bounded and measurable functions £ on EMY by

ER Z / Fy(x,y) = )00 n(@, dy), (46)

=1 7

7

where Fj;(x,y) denotes F' evaluated at that point of EM¥Y where the component

2% of x is replaced by y. As in Section 1.1 one sees that the martingale problem

associated with A" is well posed, and that the unique solution X; = (ij )
(t > 0) is a cadlag strong Markov process. By projecting X via (1.1) and (1.2) onto
M we recover the solution of the martingale problem ¢V associated with (1.4).
On the other hand, modulo permutations of the indices, X can be recovered from
EMN - Therefore we can assume that PN arises as the law of the projection of a

stochastic process X; (t > 0), that is defined on a probability space (2, B, P), and

that solves the martingale problem for AN

For a compact set K C E, let Tlg denote the stopping times
T;g = inf{t >0 | XZJ ¢ K}. (4.7)

We will prove below
14



Lemma 4.5. For every R > 0, there exists a compact set Kr in E, independent
of M and N, and a family (agR) of stopping times (1 <i < M, 1 <j < N) such
that

(i) O’%R < T%R a.s.

(ii) The stopping times ngc are independent.
(iii) Ploy, <T] <exp(—R).
Now put
CL:{,MEM; p(Ki2p) < sz}.

Then C}, is compact in M. Moreover, with fi(t) = [ pu&(du), t € I, Lemma 4.5
yields

x|

WK

pMN [Ht <T; [t ¢ CL:| < PM’N[supﬂ(t)(KizL) > 1/k‘]

k=1 tsT
Sl S, 2
< Z —kLMN HE[exp k:LI{w <T})]
k=1 ©J Kyp2p =
yy e LMY
<2 | — o—LMN’

which in turn implies (4.4) and hence (4.3). O

Proof of Lemma 4.5. Define

ri(t) = 1nf{s>0 I H/ du>t}

and let X;7 = X (ri(t)). It follows that the process X; = (X7) is a solution of the
martingale problem for an operator having the form (4.6), but with the function
replaced by the constant ||v||. Uniqueness of this martingale problem now implies
that the processes X (i=1,...,M, j=1...,N) are independent. Now, we can
define o

ol =inf{t >0| X/ ¢ K}.

Since v < ||v]|, it follows that r%(¢) > ¢, and hence a% < T;g This proves
assertions (i) and (ii).

To see that we can choose Kg such that (iii) holds, observe first that we can find
an integer ¢ such that the number of jumps of the process X until time T does not
exceed ¢ with probability 1 — e~2%. By Prohorov’s Theorem, we can now choose
a compact K% so that a Markov chain starting from some zy € E and moving
according to the transition probability m does not leave K}% in less than ¢ steps
with probability 1 —e~2%. By the Feller property of the kernel 7, we can even find,
for each compact Ky C E, a compact Kg such that the above holds uniformly for
each 2o € Kg. Since our starting points v*" are assumed to converge weakly, (iii)
now follows easily by an other application of Prohorov’s Theorem. [

15



4.3 Upper bound.
For § > 0 and n € D(I, M'!) define

S(S(n) _ { Sl/(n) -9, if Su(n) < 00,
Y 1/6, otherwise.

By standard arguments and Proposition 4.4 (see e.g. Dembo and Zeitouni [DZ], p.
6), the upper bound follows from the following

Proposition 4.6. For every 6 > 0 and each n° € D(I, M) there exists an open
neighbourhood V' of n° such that

lim sup log PMN (V) < =S5 (n°). (4.8)

M,N—o0 MN
Proof. 1f n) # v, this is trivial. Therefore, we will assume 1) = v in the sequel. By
the definition of the rate function, there exists fs € F such that

Jr(n°, f5) = S (n°).

Let V denote the set
v ={ne DM | I, f5) = T, f5)| < /2.

Since the mapping n —— Jr(n, fs) is continuous on D(I, M!!), V is an open
neighborhood of 7°. Lemma 4.2 gives us that

1 = EMN [exp (MNJ%N(g, f(;))} .

Therefore,

_JT(n()?f(S) > !

> o 10gEM’N[eXP (MN (JFPN(E, f5) = Jr(n°, f5)); € € V]~

Thus, by adding and subtracting Jr (&, fs) inside the exponential term and using
the definition of V, it follows that

1
_ 0 > 1 M,N _5/9 —
Jr(n°, fs) > a7 e P (V) =4/ ceDS(lll,I/)\/l”)

AR}

But,
M,N
sup TN f5) = Jn(G f)| — 0 (MUN — ),
CED(I,MIT)
and (4.8) is proved.
Appendix: A criterion for exponential tightness in D([, F)

The purpose of this appendix is to give a criterion for the exponential tightness
of a sequence X!, X2,... of stochastic processes taking values in some completely
16



regular topological space E. We shall assume that for each natural number n € N
the process X" induces a measurable mapping from some given probability space
(Q, B, P) into the Skorohod space D(I , E), endowed with the Skorohod topology
and its Borel field (cf. [Ja]). Note that this mapping is always measurable, if the
process X" is right continous with left limits and the space E is at least separable
and metrizable. Let (a,) denote some sequence of positive real numbers increasing
to infinity. We will say that the sequence (X) is exponentially tight in D(I , E)
with speed (ay,), if for each L > 0 we can find a compact K C D(I, E) such that

1
lim sup — logP[X_” ¢ K} < —L.

nloo An

The following criterion is an exponential version of a result due to Jakubowski; see
[Ja], Theorem 3.1.

Theorem A: Let E be a completely reqular topological space with metrizable com-
pacts. Then the sequence (X") is exponentially tight in D(I, E) with speed (ay,), if
and only if the following two conditions are fulfilled:

(i) For every M > 0, there exists a compact Ay C E, such that

1
limsup—logP[Elt . Xn ngM] < M.

nloo 0Un

(ii) There exists an additive family F C C(E), separating the points of E, such
that, for each f € F, the sequence (f(X”)) is exponentially tight in D(I,R) with
speed (ay,).

Remarks:

1. The space C’(I , E) of continous paths, endowed with the usual compact open
topology, is a closed topological subspace of D(I , E) (cf.[Ja], Proposition 1.6
(i)). This shows that the above criterion holds in C(I, E) as well.

2. The assumption F C C(F) may be weakened. It suffices to assume that the
restriction of each f € IF on each set Aj; is continous.

3. The event {3t € I | X; ¢ A} is Borel measurable if A C E is closed (cf.[Ja],
Proposition 1.6 (v)).

Proof of Theorem 1: The necessity of the two conditions can be shown as in the
case of ordinary tightness. To prove sufficiency, we note first that, by Lemma 3.2
in [Ja], the family F may be assumed to be countable: F = {fi, f2,... }. Now, for
each k € N and every R > 0, there exists, by assumption, a compact 5]’3 C D(I , ]R)
with |

limsup — logP[fk(X,n) ¢ 5’}’%} <—-R-1

nToo n

Hence there is some ng € N such that, for all n > ny,

P[fk(X.”) ¢ Cy’;} < e~Ran,
17



Since D(I ,]R) is Polish, the set 61’3 may be enlarged to a compact C’Jk{, satisfying
P[fk(X_”) ¢ c,’;} <e R yYpeNl,
Now let L > 1 be given. We define

K = wGD(I,E)'w(t)EALVt, fk<w()>€C]]§LVkEN

In [Ja] it is shown that K is a compact subset of D(I , E) So, to establish expo-
nential tightness, it suffices to observe that

lim sup ilogP[X_” ¢ KL} <(=L)Vv (limsup ilogiP[fk(X.n) ¢ CﬁL})

a a
nToo n nToo n b1

IN

1 o0
(-L)V (limsup — logZe_kL“”)

a
nToo n b—1

IN

—L.
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